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INTRODUCTION

The application of thick organic matrix composites for structural armor on ground combat
vehicles is a major thrust of Army strategy to lighten the force. The aim is to reduce weight
while maintaining present ballistic requirement levels. Essential to this effort is the establish-
ment of a materials property database which allows efficient design of components. This study
addresses the need to obtain valid mechanical property data on composites up to two inche:.,
in thickness through the design and development of suitable specimen configurations and teAt-
ing methods.

The U.S. Army Materials Technology Laboratory (MTL) has denmonstrated the advaniag,-s
and durability of composite structural armor application to ground combat vehicles during the
Composite Infantry Fighting Vehicle (CIFV) program (see Figure 1). The thick welded alumni-
num hull structure of the Bradley Fighting Vehicle (BFV) was redesigned using the more
weight efficient composite structural armor. This study measured mechanical properties of the
CIFV materials. Flat plates of the composites used as armor were fabricated for material
characterization.

II

Figure 1 Th'e Bradley Fighting Vehicle with the Composite Structural Armor ifl place.



The task of material characterization of the composite armor materials offered several
challenges. These materials are coarse woven glass fabric polyester composites that are thic-
ker by a factor of up to seven times than the materials for which composites testing stan-
dards are currently written. Two approaches can be used to deal with laminates that do not
fit the standard tests available. One is to cut the standard specimen from the laminate and
assume it characterizes the material. This approach was not used because such specimens
would not fit well on the fabric structure; the weave structure is the same size or larger than
the specimen. Thus, generating design data with thin laminates of these materials (0.25
inches thick) may give inaccurate properties when scaling up to the full thickness of the hull
structure (1.75 inches). The other approach is to modify the specimen design to adapt it to
the laminate being studied. Both modification of the current tests and choice of a new test
configuration were included in these studies.

When considering a test method for inclusion in an extensive program the amount of
material necessary for the test specimen, the amount of machining necessary to prepare the
specimens and the complexity of the test fixture must be considered because of cost. The
compression specimen chosen for this study is an optimization of these factors.

Three types of tests were chosen to characterize the mechanical properties of these mate-
rials, flexure, tension, and compression. The flexure test was chosen because it is often used
for quality control since it is quite simple to perform. However, the data from this test is
not considered valid material property data as the results depend upon specimen configura-
tion. Such test data is useful when comparing similar materials under similar conditions.

Mechanical property data obtained from the tension and compression tests are widely
used in materials research and development, product design, and quality control. As a result,
their limitations and attributes are fairly well understood. There is also data available with
which to make comparisons when evaluating .materials.

EXPERIMENTAL MATERIAL AND PROCEDURES

Materials

There were two CIFV candidate materials evaluated in this study. Both materials contained
the same reinforcement, a plain weave S-2 glass fabric with a weight of 24 ounces per square
yard. The matrices were different polyester resin systems from American Cyanamid and Owens
Corning. Specimen thicknesses ranged from 0.5 inches to 1.75 inches, specifically 20, 30, 40, 60,
and 70 plies. Owens Coming fabricated 2 foot by 4 foot plates using their resin while MTL fab-
ricated similar size plates using the American Cyanamid resin. The Owens Corning plates con-
tained 53% volume fraction fiber while the American Cyanamid plates contained 57%.

Flexure Test

The flexure test specimen configuration used was obtained from ASTM D 7901 which de-
scribes a beam in three point or four point loading to be used for reinforced plastics. The
projected material properties indicated that a length-to-depth ratio of 16 would give valid fail-
ures for the study materials. The composite thickness dictated that even for this ratio the
beam would be fairly large.

1. Standard Test Methods for Flexural Pmperties of Unreinforced and Reinforced Plastic and Electrical Insulating Materials. D790, v. 8.01,
ASTM Annual Book of Standards, Philadelphia, PA. 1991.
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To conserve material a square cross section was chosen for the testing although ASTM D
790 calls for a rectangular cross section. The available thicknesses of the materials were
tested to investigate size effects on the strength of the material; there were five thicknesses
for the Owens Corning and four for the American Cyanamid.

Specimens were loaded in three point bending at a displacement rate that was changed
with specimen thickness such that the strain rate was constant. This was a static rate of 0.01
inch/inch/minute. Load-deflection curves were recorded utilizing the test machine crosshead
movement. Load-strain data were also obtained utilizing strain gages located midspan on the
tensile side of the beam. A schematic of the test configuration is shown in Figure 2. The
flexural moduli were calculated from data obtained on measuring both the slope of the load-
deflection and the load-strain curves. The resulting two sets of values were compared. From
maximum load data the flexural strengths were calculated.

Sspan

Figure 2. Three point bend test.

Two testing sequences were used. The preliminary one used a fixed span to validate the
chosen span to depth ratio. The main sequence posed two questions: (1) do the materials
differ significantly in properties, and (2) do the properties change as the material thickness
changes?

Tension Test

Glass/polyester composites with thicknesses of a quarter inch or less are routinely tested
in tension using straight-sided specimens as described in ASTM D 3039.2 Stronger and stiffer
composites such as graphite/epoxy require the addition of end tabs to improve load transfer
and to minimize failures at the grips. It has also been shown 3 that a contoured specimen
can be used to obtain valid test data eliminating the need for end tabs.

2. Standard Teat Method for Tensile Properties of Fiber-Resin Composites. D3039, v. 15.03, ASTM Annual Book of Standards,
Philadelphia, PA, 1991.

3. OPLINGER, D. W., GANDHI, K. R., and PARKER, B. S. Studia of Temison Tet Specimem for Composit Maweil Testing
U.S. Army Materials Technololy Laboratory, AMMRC TR 82.27.
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Considerable work had been done previously on contoured specimens at MTL including a
bowtie specimen configuration. This specimen geometry was chosen for testing the thick com-
posites of this study as it was simpler to fabricate than other types of contours and did not re-
quire the addition of tabs. The bowtie specimen consists of two long tapered ends with a
straight-sided gage section between (see Figure 3). A taper of 5% and an overall length of
36 to 44 inches was chosen. Strain gages were used to obtain accurate modulus values and
to measure Poisson's ratio. Specimens were cut from plates of three thicknesses of American
Cyanamid and five thicknesses of Owens Corning.

Thick.

- OVERALL LENGTH

Overall Length 36 or 44 inches

Thickness 0.5 to 1.75 inches

Width 0.75 to 1.75 inches

Gage Length 1.125 to 2.625 inches

Figure 3. Tensile Specimen.

Tension tests were conducted at a constant displacement rate of 0.2 inches per minute.
Load-strain data were obtained up to material yielding. Beyond yield load-deflection data
were recorded up to failure.

Compression Test

The compression specimens described in ASTM D 34104 did not offer any easy applica-
tion for these materials; as the test describes thin coupons tested in a supported configuration
or a honeycomb beam. However one of the specimens described in ASTM D 6955 offered a
simpler solution. This is an unsupported rectangular prism where the height is related to the
thickness of the laminate. It was modified to be a square prism to reduce the possibility of
buckling. A width of one inch was used to include sufficient of the weave pattern that the
weaving crossovers are averaged. The plate thickness was used for the specimen height. The
resulting specimen is much smaller than the test specimens used for the other portions of this
study. It is shown in Figure 4.

4. Standard Test Method for Compresive Properties of Unidirectional or Crouply Fiber-Resin Composites. D3410, Vol. 15.03, ASTM
Annual Book of Standards, Philadelphia, PA, 1991.

5. Standard Test Method for Compressive Properties of Rigid Plastiks. D3410, v. 15.03, ASTM Annual Book of Standards, Philadelphia, PA. 1991.
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Figure 4. Prism specimen with collars and strain gages.

Compression specimens were cut from only one thickness of each material, the 1.75 inch
plates. They were cut in the three Cartesian directions, through the thickness and the two
fiber directions. Five specimens in each direction were used.

Specimens were tested between flat platens at a static displacement rate of 0.02 inches
per minute. A hemispherical seat was used on the bottom platen to improve alignment.
Strain gages were used on two adjacent unloaded faces to measure compressive modulus and
Poisson's ratio. In order to improve the accuracy of the elastic property measurement three
load-unload cycles were applied prior to loading to failure.

Testing was done in two groups. The first group consisted of three of each direction
and included aluminum collars at the top and bottom of each specimen. Because there was
no evidence of brooming on the tested specimens, of the first group, the remaining specimens
were tested without the collars.

EXPERIMENTAL RESULTS

Flexure

The preliminary set of flexure tests was run with three thicknesses of material and a test-
ing *span of 10 inches. This investigated the validity of the choice of span-to-depth ratio. The
ratio varied from 37 to 6. The data from this (see Table 1) shows that the measured modu-
lus does not vary with span-to-depth ratio. The evidence on stress at yield is not as clear.

5



Table 1. PRELIMINARY FLEXURE DATA

Thickness Stress at Yield Modulus
(Inch) (ksi) (Msi) 1/d

0.272 24.9 2.94 37

1.070 34.4 2.71 9.3

1.664 25.8 2.68 6

The main test sequence used the ratio of 16 based upon this evidence. Since specimens
were cut from a range of thicknesses of both materials, testing was done at a range of spans;
the data is shown in Table 2 and also plotted in Figure 5. Examination of these shows that the
modulus of the materials is fairly consistent with changing thickness and approximately the same
for the two resins. The flexural modulus results obtained from the load-strain data were consis-
tently higher than those obtained from the load-deflection data (about 15 percent higher). The
strength values show larger variability; they indicate that thicker material is slightly weaker.

Table 2. FLEXURE DATA

Thickness Strength Modulus
(Inches) (ksQ (Msi)

Owens Corning 0.5 30.2 3.07
0.75 41.2 3.66
1.00 29.9 3.37
1.50 26.9 3.45
1.75 23.9 3.07

American 0.50 40.7 3.11
Cyanamid 0.75 30.1 2.89

0.80 41.6 3.28
1.73 29.7 3.31

4.
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0 0.2 0.4 0.6 0.8 I 1.2 1.4 1.6 1.8 2

Figure 5a. Flexural modulus versus thickness.
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Figure 5c. Stress at 1% strain versus thickness.

Tension

Figure 6 shows a failed specimen in one of the testing machines. The data from the tensile
tests is shown in Table 3. Values are given for failure stress obtained from maximum load data,
elastic moduli and Poisson's ratios. The tensile modulus, failure strength, and stress at a con-
stant strain of 1% are plotted in Figure 7. The constant strain data show that both materials
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exhibited essentially the same stress-strain curves during their initial loading history including
the nonlinear yielding region. An examination of all the data leads to the conclusion that
the properties of the materials do not vary with specimen thickness as evidenced by the ap-
proximately zero slope least squares curves of the plots. As a result, the values for each ma-
terial have been averaged. It is, therefore, concluded from the averages that the Owens Corning
material is slightly stronger than the American Cyanamid material. Except for extremely small
strains (less that 0.0005), a negative Poisson's effect was observed through the thickness resulting
in an expansion of the specimen's thickness up to failure. Failure proceeded by initial delamina-
tion of plies followed by progressive and extensive fiber fracture up to the maximum load where
an abrupt drop in load (80% to 90% of the applied load decreased) signified failure.

Figure 6. A failed tensile specimeon In an open loop hydrauilc teoo machine.
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Table 3. TENSILE DATA

Thickness Strength Modulus Nu
(Inches) (ksi) (Ms) 12* 13

American 0.53 66.6 4.16 0.11 0.37
Cyanamid 0.79 64.4 4.00 0.11 0.31

1.67 72.0 4.09 0.10 0.31

Owens Corning 0.51 79.4 3.82 0.08 0.22
0.77 84.7 3.86 0.10 0.27
1.04 71.9 3.71 0.08 0.28
1.56 81.4 4.21 0.10 0.31
1.79 76.2 4.19 0.10 0.34

Averages

American Cyanamid 67.7 4.08 0.11 0.33

Owens Corning 78.7 3.96 0.09 0.28

*Nu 12 Is the fabric face value for fiber direction specimens.
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Compression

Figure 8 shows a compression specimen in the test machine ready to be tested. The test
results are given in Table 4 and plotted in Figure 9. The maximum strain values were re-
corded with the strain gages. The compression values were calculated from the ram displace-
ments. These are the condensation of two subgroups of results.

Table 4. COMPRESSIVE DATA SUMMARY

Modulus Strength Nu Failure Strain Compression
(Msi) (ksi) 12" 13 (%) (%)

Owens Corning
Through Thickness 2.46 59.2 0.08 0.07 0.13 9.3

Fiber Direction 4.01 25.0 0.12 0.31 0.52 1.8

American Cyanamid
Through Thickness 1.75 87.9 0.16 0.17 2.8 9.0
Fiber Direction 4.38 31.8 0.11 0.37 0.72 2.2

*Nu 12 is the fabric face value for fiber direction specimens.

All of the fiber direction data has been combined since no difference was found between
the two sets of specimens, as shown in Table 5. The data with and without collars has also
been combined since no significant difference was found between those sets, as shown in
Table 6.

Table 5. COMPARISON OF FIBER DIRECTION DATA

Modulus Strength Nu Failure Strain Compression
(Msi) (ksi) 12* 13 (%) (%)

Owens Corning

Direction A 3.86 25.2 0.136 0.399 0.40 1.70
Direction B 4.16 24.8 0.111 0.327 0.65 1.94

American Cyanamid

Direction A 4.29 31.2 0.125 0.342 0.71 2.2

Direction B 4.46 32.5 0.101 0.399 0.73 2.2
*Nu 12 Ithe fabric face value for fiber direction specimens.

11



Figure S. A compression specimen ready for test in a servohydraubic test machine.
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Table 6. EFFECT OF COLLARS ON PROPERTIES

Modulus Strength Nu Failure Strain Compression
(Msi) (ksi) 12* 13 (%) (%)

Owens Coming

Thickness
With 2.44 59.6 0.045 0.065 0.14 9.6
No 2.50 58.7 0.127 0.116 0.12 8.8

Fiber Direction
With 3.94 23.9 0.128 0.378 0.47 1.77
No 4.18 27.6 0.126 0.311 0.70 1.96

American Cyanamid

Thickness
With 1.81 76.2 0.176 0.143 2.60 10.9
No 1.66 88.1 0.151 0.156 3.08 11.2

Fiber Direction
With 4.36 30.7 0.126 0.386 0.70 2.2
No 4.38 33.3 0.122 0.345 0.74 2.2

*Nu 12 Is the fabric face value for fiber direction specimens.

Fiber direction and through thicknes

4

3

0
I -

0
OC thick OC fiber AC thick AC fiber

Maedrial

Figure 9a. Compressive modulus.
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The dominant failure mode was a shear line across the thickness of the laminate.
Figure 10 shows such a failure. Some splitting or delamination was also observed.

4..........

F"e 10. A tled compression Speci with the aluminum collar
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Discussion

Considering the three tests performed on the CIFV material, a sufficient number of repli-
cations have been made to show that the test methods give reproducible data. As to how
well this data represents the material, it can be compared to the properties measured by
FMC as part of the development contract.6 These values are given in Table 7. It is noted
that although we are comparing the same fiber and resin the form of the laminates differs.
FMC used an 8-ply quasi-isotropic layup for all but the through thickness compression test.
The test series reported here used fabric laminates.

Table 7. FMC PROPERTIES
MATERIAL: 8-PLY [0/90/+45]s

Modulus Strength Poisson's
(MsQ (ks) ratio

Tensile (10 in.) 2.87 43.8 0.37

Compression (IITRI) 2.12 16.0
Through Thickness (Cylinder)* 0.71 67.7

Flexure 3.59 35.0
*44-Ply Panel

Table 8 compares the FMC data with the American Cyanamid data from this study.
Although the flexural data compares well, the majority of the data shows larger values for the
AMTL work. How much this reflects the difference between fabric and unidirectional plies is
not clear. It may also indicate better test configurations for the AMTL work. Conventional
wisdom states that fabric is weaker than a layup of unidirectional plies.

Table 8. PROPERTY COMPARISON

AMTL Value
Property FMC Value (OC) (AC)

Tensile Modulus Msi 2.87 3.96 4.08

Tensile Poisson's Ratio 0.37 0.28 0.33

Tensile Strength ksl 43.8 78.7 67.7

Compressive Modulus Msi
Fiber Direction 2.12 4.01 4.38
Through Thickness 0.71 1.75 2.46

Compressive Strength ksi
Fiber Direction 16.0 25.0 31.8
Through Thickness 67.7 59.2 87.9

Flexural Modulus Msi 3.59 3.32 3.15

Flexural Strength ksi 35.0 30.4 35.5

A comparison of the data from the three test methods shows that the flexural moduli
from the load-strain data are of the same magnitude as the tensile moduli and the compres-
sive moduli. The tensile strengths are more than a factor of two larger than the compressive
strengths. Values for the Poisson's ratio are similar for the tension and compression tests.

6. WEERTH, D. Crich. Composite Infantry Fighting Vehicle (CFIV) Program. Phase I. FMC Corp., MTL TR 89-23, March, 1989.
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CONCLUSIONS

Because the data is reproducible, compares well with other available data, and the failure
modes are satisfactory, the results of this experimental study can be considered as a valid
representation of the material properties of these two CIFV candidate materials. The three
test configurations have been shown to be useful for characterizing thick fabric composites.
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